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Information transfer at the immunological synapse
Jérôme Delon and Ronald N. Germain
Antigen-specific activation of T lymphocytes requires the
interaction of their clonally distributed T-cell receptors
with plasma membrane ligands composed of foreign
peptide antigens bound to major histocompatibility
complex molecules. For proliferation and differentiation
to ensue, a variety of other adhesive and accessory
proteins must also interact with their counter-receptors
on the antigen-presenting cell to facilitate and
complement the T-cell receptor–antigen recognition
event. Recent studies have revealed that these various
proteins show an unexpected degree of spatial
organization in the zone of cell–cell contact. This region
of membrane approximation is now referred to as the
‘immunological synapse’ because of its functional
analogy to the site of intercellular information transfer
between neurons. Here, we review the evidence for
signaling-dependent control of the dynamic changes in
protein distribution that gives rise to the synapse and try
to relate the emerging spatio-temporal information on
synapse formation to T-cell biology. 
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Introduction
Even the simplest organisms have receptors that sense
their environment and provide signals for eliciting an
appropriate response. More complex multicellular organ-
isms have specialized cells that subserve this function.
Sensory neurons receive direct input from external stimuli
such as light or sound, and then use a series of complex
connections to other neurons to integrate and interpret this
information. The intercellular communication critical to
nervous system function occurs at specialized sites of
cell–cell contact termed synapses. These contact sites are
distinguished from other portions of the neuronal cell
membrane by a distinct three-dimensional structural orga-
nization, unique protein distribution, and polarized secre-
tion of transmitter molecules. Such synaptic connections
represent an efficient mechanism for conveying informa-
tion from one cell to another and for inducing signals in the
communicating cell that can be relayed to other cells and/or
used to generate a response from the postsynaptic partner.
In addition to the five well-known neuron-based senses
that survey the environment outside the organism,
another sensory system exists in multicellular animals that
detects intrusions into the internal environment — the
immune system. This system consists of a diverse set of
cells, mainly of hematopoietic origin, which detect
breaches in the physical barriers that keep infectious
pathogens at bay. These cells then mount effective
responses to repel the invaders and limit damage to the
host. Unlike the nervous system, which even though
plastic is largely hardwired and slow to change, the
immune system operates as a highly mobile defensive
organization that nonetheless depends on effective inter-
cellular communication to respond to infection. Less
complex organisms use pattern recognition of pathogenic
molecules to activate host defenses, most often involving
direct responses of individual effector cells. More complex
organisms have incorporated this ‘innate’ immunity into
the operation of the ‘adaptive’ or antigen-specific immune
system [1]. Myeloid cells serve as sentinels throughout the
body, especially at barrier surfaces such as skin and
mucosa [2]. Pathogen interaction with these cells results in
their differentiation and migration to secondary lymphoid
tissues where they activate T lymphocytes — the organiz-
ers and effectors of the adaptive response. 
One set of signals produced by the migrating myeloid cells
— cosignals and cytokines — is antigen-nonspecific but
is important for guiding the quality and quantity of the
T-cell responses. Another set informs the T cells of the
specific character of the invading organism, by extracting
information about the pathogen in the form of short pep-
tides bound intracellularly to membrane proteins encoded
by the class I and class II major histocompatibility
complex (MHC) genes [3]. These bound antigenic frag-
ments are then displayed on the plasma membrane where
they can interact with the somatically generated, clonally
distributed antigen receptors on the T cells. Over the past
few years, it has become evident that this fundamental
type of information exchange between cells of the immune
system takes place at specialized regions of membrane
contact that show many of the same features as neuronal
synapses. Historically, this analogy was first noticed by
Norcross [4], with the specific term ‘immunological synapse’
proposed later on by Paul and Seder [5]. Pioneering
studies in this area were conducted by Kupfer, who for
many years toiled largely alone in characterizing the micro-
scopic architecture of the interaction between T-cells and
antigen-presenting cells (APCs). 
The application of new methods for multidimensional
microscopic analysis have begun to provide a detailed
spatio-temporal picture of the events leading to synapse
formation and the substructures of the synapse itself. In
this review, we summarize the rapidly emerging data on
the molecular events involved in immunological synapse
creation and the contribution of this structure to effective
immune responses. 
Immune recognition and response
It is essential to describe the features of antigen recognition
by T-cell antigen receptors (TCRs) and the requirements
for differentiation of naive T cells to understand the details
of synapse generation and organization. First of all, as noted
above, T cells recognize their ligands not in soluble form
but as a peptide fragment bound to MHC molecules and
displayed at the surface of APCs. This topology imposes
some constraints on antigen recognition by T cells, in par-
ticular the necessity of tight T-cell–APC interactions for
TCR engagement. Moreover, because recognition of foreign
antigen will involve binding of the TCRs to MHC mol-
ecules occupied by peptides that differ from the self-pep-
tides occupying most of the MHC molecules by only two or
three amino acid side chains, it is necessary for the TCRs to
operate in a low-affinity mode [6–17]. If these TCRs had a
high affinity for the foreign-peptide-containing complex,
lower affinity cross-reactive binding to the vastly larger
number of self-peptide complexes on APC would poten-
tially drive signaling to levels leading to cellular activation
or to desensitization of the receptor pool, neither of which
is useful to the immune system [18]. 
So how can low-affinity receptors, which see very small
numbers of specific ligands (ten to a few hundred) [19–27],
generate signals that produce effector responses from
T cells? The monomeric nature of peptide–MHC ligands
also raises the question of how signaling by the TCR is
initiated, a process that is known to involve activation
of Src family kinases at the earliest stage [28]. Such
enzyme activation is typically thought to involve trans-
phosphorylation by oligomerized receptor-associated kinases
[29]. Artificial cross-linking of TCRs by antibodies can
stimulate T cells, but how such oligomerization might be
accomplished physiologically remains unclear. 
As well as ligand density and TCR affinity, the topology
of protein–protein interaction at a membrane interface
requires some thought. Both the TCR and its MHC
ligands are ‘short’ molecules (about 7 nm) when compared
with other more abundant cell surface molecules on T cells,
such as the phosphatase CD45 (28–50 nm), the highly gly-
cosylated surface protein CD43 (45 nm) and the integrin
LFA-1 and its ligands, the intercellular adhesion mole-
cules (ICAMs) [30–32]. This has raised the question of
how the TCR and its MHC ligands ever bind to one
another in the midst of this forest of giants. Several
models propose that accessory adhesive proteins such as
CD2 and its ligands CD48 or CD58 help ‘zip up’ opposing
membrane with a spacing that matches that of the TCR
and MHC. This zipping process is presumed to squeeze
out the taller molecules into a peripheral location and the
overall architecture of the mature synapse does show
features that agree with this notion [30,33,34]. The facts
that CD2 is found clustered in the synapse after only
5 minutes of contact [35] and that an elongated version of
CD48 is inhibitory for T cell activation [36] are consistent
with this model. How the initial interactions between the
T cell and APC take place and how antigen-specific sig-
naling begins is not fully addressed by these models,
however. Indeed, more recent data indicate that there are
some exceptions to this partitioning according to molecu-
lar size (see discussion of CD4 and CD45 below). 
Finally, full development of effector T cells from naive
circulating precursors takes many hours if not days. Avail-
able data argue that TCR signals must be present over this
entire time [37], placing interesting constraints on the
duration of the T-cell–APC interaction and the continued
generation of TCR signals long after an early burst of peak
activity. Therefore, another significant issue in under-
standing the role of the synapse in T-cell function is the
duration of interaction with the APC and the conditions
that permit sustained TCR signal generation. 
Initial T-cell–APC interactions
APCs and T cells are both mobile. The former migrate
from tissue locations through the lymphatic system to sec-
ondary lymphoid organs, where they collect in the regions
of the lymph node or spleen that are rich in T cells. Con-
versely, naive T cells circulate in the blood, entering lymph
nodes by diapedesis across high endothelial venules and
congregating in regions rich in APCs. Migration from the
bloodstream initially involves selectin-mediated rolling
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along the vascular endothelium, followed by triggering of
increased integrin affinity by localized chemokines, firm
adhesion, and then trans-endothelial migration [38]. The
T cell is clearly polarized by these events and such polarity
may be maintained by the chemoattractant gradient that
ultimately leads the T cells to the APC. These physiologi-
cal events that lead to T-cell–APC interactions have impli-
cations for the observations gained from in vitro studies.
In vivo considerations
A key question is the order of events initiating synapse for-
mation. Is this process begun by antigen-independent inte-
grin binding to receptors on the APC that stabilizes
cell–cell contact, followed by scanning of the APC mem-
brane for specific TCR ligands, initiation of TCR signaling,
and a subsequent cascade of active molecular engage-
ments? Or is TCR–antigen recognition the initiating event
that upregulates integrin affinity, stabilizing cell association
and permitting further signaling and development of the
synapse? In vitro, contact between T cells and APC has
been studied most often using pre-activated T-cell clones,
not naive T cells, or using naive T cells and antigen dis-
plays containing peptide–MHC molecules and ICAM-1
artificially associated with the lipid layer of planar mem-
branes [39]. Neither of these situations involves active cell
migration of the type that is characteristic of T cells enter-
ing lymphoid organs. The distribution of proteins at the
region of the T cell that makes contact with the APC or
planar membrane is therefore likely to be different from
that at the leading edge of the migrating T cell in vivo. 
The issue of asymmetric protein distributions prior to
T-cell–APC engagement is not trivial. Some studies of lym-
phocytes migrating in chemokine gradients have shown
very distinct distributions of key molecules such as CD43,
CD44 and ICAMs in the trailing versus leading edge of the
lymphocyte [40]. Likewise, as mentioned, integrins may
have a non-uniform distribution and affinity. Thus, the
picture frequently drawn by immunologists of a uniform
wood of integrin molecules with an undergrowth of TCRs
as the initial substrate for antigen recognition is an oversim-
plification. Physiological interactions between T cells and
APCs may involve regions of the cell membrane that are
depleted or enriched in adhesion molecules, and in which
the TCRs themselves may show a non-uniform distribu-
tion. This would allow these pre-polarized cells to gain sen-
sitivity to antigen as has been previously proposed for
naturally polarized T-cell hybridomas [41,42]. 
In vitro observations
Keeping in mind these limitations and unanswered ques-
tions, what has been observed in the in vitro model systems
(Figure 1)? Dustin and colleagues [39] have used the
planar membrane system to examine the distribution of
TCR ligands and integrin receptors at the contact site.
Both the MHC molecules and the ICAM-1 targets of LFA-1
binding can be fluorescently labeled and their distribution
tracked by video imaging from the earliest time of cell
interaction with the planar membrane. In this model,
crawling of T cells only ceases if a ligand of suitable
quality for the TCR is present, arguing that a ‘stop migra-
tion’ signal is delivered through the TCR [43]. For artifi-
cal membranes lacking ICAM-1, however, the presence of
the specific TCR ligand at physiological levels is not suffi-
cient to stop T-cell movement [44], leaving open the issue
of which signal initiates synapse formation.
Although not resolving the ‘chicken/egg’ question, this
artifical model has nevertheless provided an intriguing set
of observations concerning the movements and distribu-
tions of various proteins in the developing synapse. An
external ring of increased MHC density surrounding a zone
of elevated ICAM-1 density is generated within a few
seconds of contact. This ring of MHC molecules matches a
zone of especially close physical proximity between the
T-cell membrane and the substrate as assessed by interfer-
ence–reflection microscopy. Over the next few minutes
there is an inversion of this distribution, with the MHC
moving to a central zone surrounded by a concentric ring of
ICAM-1. These redistributions are matched by movements
of TCRs and LFA-1 on the T-cell side of the interaction. 
On the basis of these observations, Dustin and colleagues
[39] have proposed that integrin contact initiates a quasi-
stable binding of T cell to planar membrane, which signals
for cytoskeletal reorganization via actin polymerization in
the surrounding region. Such polymerization could lead to a
protrusion of the overlying membrane at the periphery of
the central integrin contact zone, bringing the T-cell mem-
brane closer to the APC membrane in this region. The
additional TCR signaling resulting from this membrane
apposition then enhances integrin affinity and creates a
stable association of the T cell and target membrane. As
attractive as this picture might be, however, the initial for-
mation of an external ring of engaged TCR followed by
migration to a central location has not been confirmed by
experiments using live APCs instead of planar membranes.
These studies also leave unanswered the question of why
LFA-1–ICAM leaves the central zone to be replaced by the
TCR–MHC pairs, whose affinity is lower and, on a simple
physicochemical basis, would not be thought likely to
impose a dominant effect on integrin distribution. 
Others have also used video microscopy in studies of
T-cell interactions with physiological APCs, such as B
lymphocytes and dendritic cells [26]. These investigators
observed that the formation of stable junctions between
T cells and dendritic cells occurred with similar frequency
whether or not the APC displayed a known activating
ligand for the TCR. These findings suggest that antigen-
nonspecific adhesive contact may indeed precede TCR
signaling and then strengthen the interaction, tightening
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the two membranes through ‘inside-out’ signaling. Unfor-
tunately, these experiments did not address the contribu-
tion of various molecules involved and do not help us to
understand whether the molecular scale of the initiating
interactions is critical to the induction of TCR engage-
ment and signaling. 
Maturation of the synapse
TCR signaling and synapse formation — a chicken and egg
problem
Using classical immunocytochemical analysis of fixed
T-cell–APC conjugates, Kupfer and colleagues [45–49] first
described most of what we now know about the recruitment
and distribution of molecules at the zone of T-cell–APC
contact. These investigators have reported that the TCR,
the TCR-associated CD3-ε chain, CD4, LFA-1, and the
cytoskeletal protein talin, as well as intracellular signaling
molecules such as Lck, Fyn, and protein kinase C (PKC)-θ
are localized at the contact site. They also described the
reorientation of the microtubule-organizing center to the
vicinity of the synapse [45,47,50–54]. Most recently, Monks
et al. [49] were the first to observe the unexpectedly precise
subdomain organization of the synapse (which they termed
the supramolecular activation cluster or SMAC). Using
deconvolution to enhance their primary images, they
created three-dimensional reconstructions of cell pairs that
permitted visualization of the region of contact en face rather
than in profile. This new technical approach allowed them
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Cross-sections of the immunological synapse showing the distribution
of different integral membrane proteins as a function of time in four
different phases. (a) The pre-contact stage shows a homogenous
distribution of molecules. (b) Initial TCR triggering occurs within
seconds of contact and is characterized by the appearance of clusters
of proteins. (c) Active reorganization via cytoskeleton-directed
movements gives rise to the cSMAC, which takes several minutes to
develop. (d) The mature synapse with the pSMAC and the cSMAC is
observed after 30 min of T-cell–APC contact.
to recognize the presence of a distinct central region
(cSMAC) that showed a two–threefold increase in TCR
density compared with the rest of the membrane, sur-
rounded by a concentric ring enriched in LFA-1 (peripheral
or pSMAC), a picture confirmed by the studies of Dustin
and colleagues [39] using the planar membrane system
(Figure 1). 
Immunologists are conceptually attracted to this picture
of the synapse because it shows evidence of TCR polar-
ization or clustering, which many believe is necessary
for the kinase activation that begins the entire signal
transduction cascade through tyrosine phosphorylation
of immunoreceptor tyrosine-based activation motifs
(ITAMs) in the CD3 and ζ chains that are associated with
the TCR. The problem with this view is that TCR-asso-
ciated phosphorylation reaches a peak less than 1 minute
after initiation of contact with APCs bearing suitable
ligands [55–59]. Such biochemical observations are con-
sistent with data on increases in intracellular Ca2+ concen-
tration, which show peak elevations within around
20 seconds of cell contact [60,61]. Neither of these sets of
findings is consistent with the idea that the clustering of
TCR within the central zone of the synapse is essential
for initiation or even maximal intensity of TCR signal
generation, because such clustering is only just beginning
when these biochemical signals have already peaked and
takes a further 3–5 minutes to reach a fully condensed
state (Figure 2). 
Further evidence that it is TCR signaling that controls for-
mation of the synapse rather than the synapse that con-
trols TCR signaling arises from studies in which the
quality of the initial signal is modified and synapse organi-
zation is examined simultaneously. This approach is most
informative when the affinity of the TCR–ligand pair
remains unchanged, so that passive clustering driven by
receptor–ligand affinity is not altered. Inhibiting the CD4
contribution to TCR recognition is one way of transform-
ing a full signal through the TCR into a partial signal [62]
and this also inhibits synapse formation [39]. Effective
TCR signaling can also be disrupted by inhibiting a posi-
tive feedback loop involving mitogen-activated protein
(MAP) kinase [63]. In these conditions, synapses also fail
to form (J.D., I. Stefanova and R.N.G., unpublished obser-
vations), although all molecular surface interactions that
should passively drive synapse formation are present.
Additional studies show that mutagenesis of some of the
early intracellular components of the TCR signaling
cascade, such as CD3, Lck and the guanine nucleotide
exchange factor Vav [64,65], can inhibit molecular relocal-
izations related to the synapse. All these observations
argue that the synapse is the product of an active process
induced and regulated by ongoing TCR signaling, rather
than a passive accumulation of proteins responsible for
signal generation.
Dynamic changes in surface and intracellular protein
distributions
What events leading to synapse formation are promoted
by the initial TCR signals? Davis’ group [66] has shown
that the earliest change in integral membrane protein dis-
tribution is the formation of small clusters of TCRs (tracked
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Figure 2
Schematic representation of different time phases of TCR subcellular
localization and signaling. (a) An initial period of approach of the two
cells with a homogeneous distribution of TCR and peptide–MHC
ligand is followed within seconds of contact by (b) a step of TCR
triggering that results in initiation of T-cell intracellular signaling.
(c) After a few minutes, receptor clustering and surface molecule
redistribution is induced by the early and robust signaling resulting
from this early TCR–ligand contact. (d) The fully mature state of the
synapse is only observed after many minutes of contact when both
tyrosine phosphorylation levels and calcium elevations are very low to
immeasureable by standard methods. 
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through the use of fusion proteins containing the ζ chain
fused to green fluorescent protein, GFP), which can be
observed within seconds of T-cell–APC interaction. The
density of TCRs in these small clusters is only 2–3 times
that of the overall membrane TCR density but it is still
sufficient to induce the rapid recruitment into this zone of
some signaling molecules, such as the MAP kinase kinase
MEKK2 [67] and PKC-θ (J.D. and R.N.G., unpublished
observations). These small accumulations of TCRs, which
for MHC class II-specific T cells also include CD4, then
coalesce over the next 1–3 minutes into a dynamic central
circle with a similar few fold increase in TCR concentra-
tion. During the next 10–20 minutes, this central distribu-
tion condenses into a more static smaller circle that
remains present for at least an hour [39,66] and may
persist for many hours. 
One intriguing possibility for the origin of these early,
small clusters comes from a study by Reich et al. [68], who
looked at the oligomeric state of purified soluble peptide–
MHC class II molecules and purified soluble TCR spe-
cific for the ligand. Each species behaved as a monomer
when examined alone in solution, but, at concentrations
close to the measured dissociation constant for the interac-
tion, a mixture of the two species generated higher order
forms containing between two and six members. These
results implied that either multipoint attachment or
allosteric changes that followed the binding event
promote oligomerization of the TCR–ligand pairs. A
similar process could generate micro-clusters of TCR on
the cell surface during the recognition process, with small
oligomers fusing into larger units by additional lateral
interactions. At the same time, linkage to the cytoskele-
ton, perhaps through the ζ chain [69], could result in orga-
nized movement of the engaged, clustered TCRs to the
center of the contact site. 
In contrast to the ζ chain, CD4 (tracked either on its own
or as a GFP fusion protein) shows an unexpected change
in distribution shortly after TCR clusters begin to coa-
lesce. CD4 initially colocalizes with the microclusters of ζ,
but while these ζ molecules tend to coalesce in a central
position, the CD4 molecules migrate to the periphery of
the central zone beginning around 2 minutes after initia-
tion of cell contact [66]. This is surprising because, on the
APC side, a collection of MHC class II molecules parallels
the condensation of the TCR–CD4 proteins at early times
and remains clustered even when CD4 vacates this central
zone [39,49,65]. Mere physical binding of coreceptor
(CD4) and ligand (MHC class II) therefore does not seem
to be the dominant factor determining CD4 distribution. 
Nonrandom patterns of protein distribution have now
been documented for several additional molecules. An
intermediate zone of CD2 has been recognized between
the core of TCRs and the LFA-1 ring [70]. CD43 is
excluded from this zone, the outer ring of LFA-1 and the
central core of concentrated TCR, without specific
increased accumulation outside this bull’s eye structure
[71] (Figure 3). CD45 distribution is complex and seems
to depend on the time of contact; at early times, CD45 is
interspersed with the microclusters of TCRs prior to their
condensation into the central zone. During TCR conden-
sation, CD45 appears to move to the periphery of the
TCR zone, but inside of the LFA-1 ring. Some reaccumu-
lation of CD45 in the central zone has been observed at
later times [35,71,72]. 
Another set of interactions that affects T-cell activation
involves the CD28 molecule on the lymphocyte membrane
and its receptors CD80/CD86 on the APC surface. Turley
et al. [73] have recently reported that peptide–MHC
ligands are co-exported to the dendritic cell membrane
with the key costimulatory molecules CD80/CD86 and that
these two families of ligand remain associated at the cell
surface. The clustering of peptide–MHC ligands in associa-
tion with the TCR in the central synapse should therefore
lead to a parallel clustering of CD80/CD86 and, presum-
ably, a clustering of CD28 in the same zone on the T-cell
surface. Yet preliminary data are inconsistent with this
simple picture. During the time CD4 is in close association
with the TCR in the central zone, CD28 is largely
excluded from this region (A. Kupfer, personal communica-
tion). Only at about the time CD4 leaves the TCR cluster
does CD28 begin to accumulate in the same place. The
localization of CD80/CD86 on the APC has not yet been
visualized, so we do not know whether these molecules
cluster with peptide–MHC and CD28 is actively excluded
from the interaction or whether CD80/CD86 is separated
from the peptide–MHC complex and, like CD28, reorga-
nizes after CD4 exclusion from the central synapse.
Several studies have suggested that CD28 signaling may
be intimately connected to TCR signaling via the CD28-
mediated recruitment of glycolipid-enriched domains or
lipid rafts [74] to the region of TCR engagement [75,76].
Cholesterol-based membrane microdomains are enriched
in molecules critical for TCR-based signal transduction
such as Lck and LAT [77]. If such lipid microdomain
recruitment does occur under the influence of CD28, this
function would seem to be important only after
15 minutes or so of initial signaling, given the dynamics of
the relocalization of CD28. Other studies [78] have
emphasized a possible connection between TCR cluster-
ing and raft accumulation independent of CD28 activity,
however, and have suggested that engaged TCRs directly
interact with proteins in the rafts to promote the
modifications essential for downstream signaling. In
superficial agreement with this model, a TCR-engage-
ment-dependent increase in these membrane domains of
tyrosine-phosphorylated forms of molecules important in
receptor-induced signaling, including the ζ chain, LAT,
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Vav, SLP-76, phospholipase C (PLC)-γ1, and PI 3-kinase
has been observed [79,80]. Results implicating CD3-δ in
selective communication with the ERK signaling pathway
[81,82] suggest a very orderly pattern of protein–protein
interactions below the limit of traditional microscopic res-
olution that translate TCR engagement into the activity of
specific signaling cascades, with rafts possibly triggering
some of these molecular pairings. 
Interpretation of these data about lipid rafts and TCR sig-
naling is complicated, however, by recent findings that
biochemical disruption of rafts on living cells, rather than
silencing signaling as would be predicted, results in tran-
sient phosphorylation of ζ and ZAP-70 [83]. Furthermore,
other analyses show that the pool of Lck in rafts is inactive,
in contrast to the presumed concentration of functional
kinase in these domains [84]. The actual contribution of
the raft localization of signaling proteins and of raft recruit-
ment to the central core of the immunological synapse
remains to be clarified. 
Cytoskeletal dynamics
A variety of experiments indicates that the cytoskeleton
has a key role in the movements of surface proteins into
the synapse. Talin accumulation was one of the first
events documented to accompany this binding in the
presence of specific antigen and its distribution largely
matches that of LFA-1 [45,47,49,85]. Inhibition of actin
polymerization with cytochalasin D prevents T-cell polar-
ization and synapse formation [61,86,87], but does not
prevent the earliest TCR signals, consistent with the view
that synapse formation follows rather than precedes such
signaling. Similarly, in Vav-deficient cells protein tyrosine
phosphorylation of TCR-associated chains proceeds quite
well, although more distal signaling events become atten-
uated and gene activation in response to antigen exposure
does not occur [65,88–90]. Because inhibition of actin
function on the APC side does not prevent movement of
surface proteins into the contact zone [61,87], but interfer-
ence with either actin or myosin function [75] on the T-
cell side does prevent this movement, it appears that the
T-cell cytoskeleton plays the predominant active role in
directing synapse formation. The detailed biochemistry of
this TCR-mediated cytoskeletal reorganization is not well
delineated. Vav may be an important early relay, connect-
ing the Rho-like small GTPases RhoA, Rac1 and Cdc42 to
Wiskott–Aldrich syndrome protein and then to the Arp2/3
complex to promote actin nucleation [91].
Although such observations provide strong evidence that
cytoskeletal events control protein movement in the
T cell at the site of APC contact, little work has been pub-
lished on the molecular connections between the
cytoskeleton and many of the integral membrane mole-
cules that relocate during synapse formation. To date,
only two proteins whose distribution is altered during
synapse formation have been assigned specific intracellu-
lar adaptors for cytoskeletal tethering — talin for LFA-1
[92] and CD2-AP for CD2 [93]. The link between other
molecules whose movement is essential to synapse archi-
tecture and intracellular force-generating proteins remains
a matter for further study. 
The ‘raison d’être’ of the synapse
The preceding sections have summarized the overall
structure of the immunological synapse, the dynamics of
its formation, and some of the molecular events that con-
tribute to its generation. The kinetics of early signal trans-
duction and of synapse condensation have established that
the mature synapse is not required for initiation of intra-
cellular signaling by the TCR, but rather is formed as a
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Figure 3
Subcellular localization of CD43 in the mature synapse.
(a) A difference interference contrast (DIC) image of a T cell (right)
interacting with an APC (larger cell on the left). (b) The corresponding
subcellular distribution of CD43 in T cells visualized by
immunocytochemistry shows a clear exclusion of this molecule from
the immunological synapse. (c) An ‘en face’ view exhibits the
distribution of CD43 as seen from the APC side. It reveals a relative
lack of CD43 molecules in the middle of the synapse, corresponding
to the CD43-depleted region seen in side view in (b).
result of such signals. So if the synapse is not required for
the production of effective clusters of TCRs for kinase
activation, what is its function? 
The best current answer to this question is that the
synapse is a structure that contributes to stabilizing
signal transduction by the TCR for the prolonged periods
of time required for gene activation [37] and to polarizing
membrane proteins and secretion so that a high local
concentration of effector molecules is achieved
[45,50–54,85,94]. Low numbers of antigenic ligands appar-
ently stimulate a T cell effectively because they serially
engage a large total number of TCRs on the opposing cell
surface [95,96]. This process may be markedly enhanced
by the generation of a high local concentration of specific
ligand on the APC surface as the first cohort of MHC-
engaged TCRs is recruited into the central zone of the
synapse. Unengaged TCRs subsequently entering this
zone have an increased likelihood of binding specific
ligand and becoming activated. Whether the very first
signals generated by TCR engagement promote active
rather than passive movement of unengaged TCR into the
synapse is an open and interesting question. 
This same concentrating effect could have an additional
role in effective TCR activation [97]. As noted in the
introduction, TCR–ligand affinity is rather modest, in the
10–100 µM range. The rapid dissociation rate characteris-
tic of such low-affinity binding is not conducive to pro-
longed signal generation. If both the TCR and ligand are
focused in a very small region of the opposing membranes,
however, rebinding after dissociation becomes favored.
Should such rebinding occur at a rate that exceeds the rate
of loss of signaling activity by the TCR in its unbound
state, then under these rebinding conditions the receptor
will behave as if occupied by a much higher affinity
ligand, generating a more prolonged signal in the T cell.
This process might be critical for whatever low level of
signaling occurs at later times in cells that have already
undergone some desensitization or adaptation. 
The concentrating effect could also be important under
the cell membrane. The packing of activated TCRs into a
small region could facilitate biochemical crosstalk
between the engaged TCRs and their associated signal
transduction proteins — CD3 and ζ. Evidence for such
signal spreading among TCRs, which seems to at least
involve  negative feedback regulation by the phosphatase
SHP-1, has already been reported [58] and represents a
process that could have a key role in achieving both speci-
ficity and sensitivity in TCR signaling (C.C.W. Chan,
A.J.T. George, and J. Stark, unpublished observations). If
raft recruitment into the synapse is as important as many
believe, the packing of engaged TCRs into a small region
may facilitate the interaction of the TCR with raft compo-
nents, either within the cholesterol-rich microdomains or
upon transient exit from these structures when close to
the clustered receptors. The same process could also
promote assembly or occupancy of scaffolds on which sig-
naling proteins dock for efficient interaction and segrega-
tion of particular signaling cascades.
A distinctly different effect of synapse formation is polariza-
tion of the cell’s secretory machinery, as seen in the reloca-
tion of the microtubule-organizing center. Direct evidence
has been obtained that soluble cytokines are exported in a
polarized fashion at the site of TCR signaling (the central
synapse) [98]. Localized secretion is critical for focusing the
effector activities of the T cell on targets that express spe-
cific antigen, rather than dispersing these powerful media-
tors in a random fashion throughout the extracellular space.
Furthermore, polarized insertion of newly synthesized
membrane proteins into the same small region of the cell
surface can markedly increase their effective concentration,
while limiting their availability for recognition by receptors
on bystander cells. This helps reinforce an effective two-
way dialog between the T cell and a specific APC, whether
in promoting lymphocyte activation, or in killing infected
cells, where delivery of a death signal by constrained Fas
ligand expression or polarized perforin granule release is of
great physiological benefit.
The future
Despite the excitement of the recognition of the unex-
pected nonrandom patterning of surface proteins in the
synapse and of the first movies of the active protein
translocation involved in synapse formation, much
remains to be learned. First and foremost, it must be
appreciated that we know virtually nothing about the very
earliest events that lead to extensive TCR-associated sig-
naling before the synapse becomes organized. Whether
ligand binding evokes protein phosphorylation as a result
of immobilizing TCR and allowing interaction with raft
contents [99], or promoting hetero-oligomerization with
Lck-associated CD4 or CD8 coreceptors [100], or stimu-
lating homo-oligomerization into ‘immunons’ [101,102]
remains unclear. These very early signaling events also set
up a series of feedback regulatory pathways that over the
course of a few minutes determine the ultimate result of
TCR ligand engagement, including the proper formation
of a synapse [18]. Obviously, new and different tech-
niques are needed to probe this set of events that are
beyond current microscopic and kinetic resolutions. 
On the other end of the scale, we do not know how long
an individual synapse must last to be effective in promot-
ing gene expression and T cell differentiation. Nor do we
know the nature of the signals generated at times beyond
30–60 minutes when protein tyrosine phosphorylation or
Ca2+ levels return to baseline levels. Interference with
TCR–ligand interaction at these late times prevents cell
cycling and gene activation, implying that active signaling
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is still ongoing even if not biochemically evident. Does
this mean different signaling pathways are being used that
are not being assessed? Or could the signaling have gone
from a high frequency tonic mode to a low frequency
oscillatory mode [103], such that we fail to appreciate such
transient intermittent signals because single cell analysis
is not typical at these later times? 
In the nervous system, active signaling at a synapse
induces long-term changes in the structure of the synapse
[104,105]. But T cells are not believed to stay associated
for days with the APC. Does this mean that once it has
mediated its function, the immunological synapse is com-
pletely dissolved and the molecules involved returned to a
homogeneously dispersed state? Alternatively, could it be
that signaling has induced an association with scaffold pro-
teins, as seen in active neuronal synapses [106], such that a
memory of the synaptic organization is preserved? This
would provide an enhanced substrate for future encoun-
ters with ligand-bearing cells and more effective, more
rapid responses.
Some of these questions will be answered by new methods
being applied to examine T-cell signaling. Fluorescence
recovery after photobleaching (FRAP) has already demon-
strated that the MHC molecules concentrated opposite the
central zone of the synapse are highly stable and do not
show rapid exchange with those outside this domain [39].
Analogous studies for many or all of the components of the
synapse will reveal which proteins are entering and leaving
the steady-state synapse, and which are long-term, stable
residents. Fluorescence resonance energy transfer (FRET)
provides a much shorter range, higher resolution analysis of
protein–protein interactions than conventional light
microscopy and, together with fluorescent protein conju-
gates rather than just GFP chimeras [107], may help distin-
guish mere colocalization from true molecular interaction.
Microscopic methods capable of increased resolution, such
as total internal reflection methods and even atomic force
microscopy, will also help create a much more detailed
picture. Non-visual methods, such as fluorescence correla-
tion spectroscopy, which is capable of single molecule reso-
lution on a microsecond time scale, may be adaptable to
analysis of T-cell–APC interactions. The use of antibodies
specifically recognizing the phosphorylated state of a par-
ticular protein should also give us a clue of the status of
activation of any protein as well as its physical localization.
The combination of these various methods with new
image-processing software should help provide an ever
richer and more precise view of this essential component of
immune recognition and response. This new information
will allow the determination of a protein’s subcellular local-
ization as a function of time, its state of activation, its
degree of mobility, and its proximity to other proteins. The
challenge will be for the biologists to interpret this coming
glut of information so that we can relate these molecular
details of intimate cell contact to immune physiology.
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